An extremely affordable virus concentration method based on adsorption-elution to glass wool and subsequent reconcentration through polyethylene glycol 6000 (PEG) precipitation was optimized to recover not only non-enveloped viruses but also enveloped viruses. Hepatitis A virus (HAV) and transmissible gastroenteritis virus (TGEV) were employed as surrogates for naked and enveloped viruses, respectively, to set up the methodology. Initial experimentation in small-volume samples showed that both types of particles readily adsorbed to the positively charged glass wool but were poorly detached from it through standard elution with 0.05 M glycine with 3% of beef extract buffer, pH 9.5, with elution efficiencies of 7.2% and 2.6%, for HAV and TGEV, respectively. To improve the recovery of enveloped viruses, several modifications in the elution were assayed: increasing the elution pH, extending glass wool and eluent contact time, adding a detergent, or performing the elution by recirculation or under agitation. Considering practicability and performance, recircularization of the eluent at pH 11.0 for 20 min was the elution procedure of choice, with efficiencies of 25.7% and 18.8% for HAV and TGEV in 50 L of water. Additionally, employing 20% PEG instead of 10% for virus reconcentration improved recoveries up to 47% and 51%, respectively. The optimized procedure was applied to detect naturally occurring HAV and coronaviruses in surface water of Wadi Hanifa, Riyadh. HAV was detected in 38% of the samples, while one sample was positive for an alphacoronavirus. This cheap virus detection system enables the comprehensive surveillance of viruses present in water samples.
Introduction
A large variety of pathogenic viruses found in the enteric tract of humans and animals may become environmental contaminants. Despite any virus susceptible to cause an infection after ingestion of water could be considered a waterborne virus, most reported incidents of waterborne illness are actually related to gastroenteritis or hepatitis. The leading cause of gastroenteritis is norovirus (NoV), implicated in 20% of all cases worldwide, although other viruses such as rotaviruses, astroviruses, adenoviruses and sapoviruses have also been implicated in waterborne transmission of gastroenteritis (Bosch 2007) . Regarding hepatitis, hepatitis A virus (HAV) is the foremost agent of acute hepatitis and waterborne hepatitis A outbreaks have been globally reported (Pintó et al. 2010) , while hepatitis E virus is an emerging waterborne agent in the developing world, mostly by infection with genotype 1 virus, and much less frequently by genotype 2 virus (Kamar et al. 2014) .
All the aforementioned viruses have in common that they occur in the environment as non-enveloped particles, implying a high virion stability (Sanchez and Bosch 2016) . Nevertheless, some relevant enveloped pathogenic viruses are documented to be also found in the human gastrointestinal tract, among them coronaviruses (CoV) that cause serious respiratory diseases such as the severe acute respiratory syndrome or SARS, reported in November 2002, with considerable shedding of the virus in stools (Chu et al. 2005) . In fact, the environmental transmission of SARS was reported in a large, private apartment complex (McKinney et al. 2006) . Another emerging CoV, the human Middle East Respiratory Syndrome coronavirus (MERS-CoV), initially reported in Saudi Arabia in 2012, is found in the urine and feces of infected animals (Dudas et al. 2018 ) and in human feces as well Drosten 2013) . Other examples of enveloped viruses with potential waterborne spread are avian influenza viruses, such as the highly pathogenic H5N1. Despite their replication is primarily in the respiratory tract, avian influenza viruses induce a generalized infection in birds with actual replication in the gastrointestinal duct with abundant virus shedding in feces (Zhang et al. 2006; Worobey 2008) .
CoV and influenza viruses have been reported to survive in the environment long enough to be potentially environmentally transmitted. For instance, both influenza A and B viruses survived for 24-48 h on hard, non-porous surfaces such as stainless steel and plastic but survived for less than 8-12 h on cloth, paper, and tissues (Bean et al. 1982) . Studies on the survival of the 2009 H1N1 pandemic virus in water evidenced the capacity of the virus to remain infectious for at least 200 days at 4 °C (Dublineau et al. 2011) . Van Doremalen and coworkers (2013) ascertained the stability of MERS-CoV under different environmental conditions. MERS-CoV was more stable at low temperature/low humidity conditions and could still be recovered after 48 h. During aerosolization of MERS-CoV, no decrease in stability was observed at 20 °C and 40% relative humidity. Another study employing infectious animal CoV as surrogates for human CoV pointed to their survival on surfaces for up to 28 days (Casanova et al. 2010) .
Since viruses in water occur in very low numbers, processing of large volumes of water is required to concentrate the contaminant viruses in a much smaller final volume susceptible to be analyzed by molecular micro-methods (Ikner et al. 2012; Bosch et al. 2008) . If this critical sample concentration step could be applied to concentrate not only non-enveloped viruses but enveloped viruses as well, it would provide a more comprehensive catchall virus detection system allowing a more comprehensive overview of the virome present in environmental water samples.
Positively charged glass wool filtration has been successfully employed for the concentration of non-enveloped viruses from water (Pérez-Sautu et al. 2012; Sano et al. 2011; Blanco et al. 2017) . The aim of this study was to develop a procedure based on glass wool filtration for the recovery of enveloped and non-enveloped viruses from large volumes of water. Transmissible gastroenteritis virus (TGEV) and HAV were used as models for enveloped and non-enveloped viruses, respectively, for method optimization. Water from Wadi Hanifa in Riyadh, Saudi Arabia, was sampled for the presence of CoV and HAV following the selected methodology.
Materials and Methods

Viruses and Cells
Monolayers of ST cells (swine testis) were used to propagate the strain PUR46-MAD of the TGEV (Sanchez et al. 1990; Moreno et al. 2008) , courtesy of L. Enjuanes and I. Sola, National Center of Biotechnology, Cantoblanco, Madrid). The PUR46-MAD strain of TGEV is attenuated, producing very mild or no enteritis and no mortality in conventional non-colostrum-deprived piglets, and absolutely no pathogenic at all for humans. TGEV was employed as a surrogate for not only human CoV such as MERS-CoV or SARS-CoV, but for generic enveloped viruses as well. ST (swine testis) cells grown in Eagle Minimum Essential Medium (MEM) with 10% fetal bovine serum (FBS) were infected at a multiplicity of infection (m.o.i.) of one, as described elsewhere (Bailey et al. 2004) . Infected cell supernatants were collected and kept at − 80 °C. Cycles of freeze-thawing were avoided to prevent enveloped particle disruption. High-titer HAV stocks (strain HM175 43c) were produced in FRhK-4 cell monolayers grown in MEM with 15% inactivated FBS, employing a m.o.i. of 1, and purified after lysing host cell membranes by the addition of a nonionic detergent (1% NP-40) to the infected cell supernatants, as described elsewhere (Costafreda et al. 2014 ).
Standard Waterborne Virus Concentration
Initially, viruses were concentrated from water by filtration through positively charged glass wool (Ouest Isol, Alizay, France) as described elsewhere (Pérez-Sautu et al. 2012; Lambertini et al. 2008; Kiulia et al. 2010) . To monitor the efficiency of virus concentration, TGEV and HAV were seeded at a concentration of 1.15 × 10 7 and 1.78 × 10 6 TCID 50 /L, respectively, in 5-L samples. Two consecutive elutions were performed by backcirculating (5 L/min) through the glass wool 50 mL of 0.05 M glycine with 3% of beef extract buffer (GBE), pH 9.5 with the aid of a peristaltic pump (Millipore XX8200230) and recovering the eluates with the aid of a vacuum pump (Millipore, XX5522050). The resulting 100-mL eluate was further concentrated by 10% polyethylene glycol 6000 (PEG) precipitation (Ueki et al. 2005) . The pellet was resuspended in 5 mL of PBS, pH 7.4, and stored at − 80 °C.
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Optimization of the Concentration for the Recovery of Enveloped Viruses
To improve the recoveries of enveloped viruses obtained with the standard glass wool filtration method, several steps of the elution procedure were modified and the effect of these changes on TGEV recovery ascertained. The tested modifications were: (i) increasing the pH of the elution buffer from 9.5 up to 11.0, (ii) increasing the contact time of the glass wool and the GBE elution buffer from 10 min to overnight (O/N), (iii) adding detergent Tween 80 at a concentration of 0.3% in the elution buffer at pH 11.0 and an O/N contact time, (iv) unpacking the glass wool from the column, mixing it with the elution buffer at pH 11.0 and keeping it under agitation O/N, and (v) recirculating the elution buffer at pH 11.0 through the glass wool column for 1 h with a peristaltic pump (Millipore XX80EL004). A first set of studies was performed in 5-L volumes, while a second set was performed with 50-L volumes. For virus reconcentration, PEG was employed at 10% and 20% concentrations to precipitate viruses in the eluates. For each procedure, three separate experiments were performed, and in each experiment, three separate replicas were seeded with the appropriate HAV and TGEV concentrations to yield final concentrations in the unconcentrated samples of around 9 × 10 5 and 6 × 10 6 TCID 50 /L, respectively. Virus recoveries were ascertained by quantitative TaqMan Real-Time-PCR (RT-qPCR) assays as described below.
Quantitative Molecular Detection of TGEV Coronavirus
RNA was extracted from 100 µL-aliquots of TGEV concentrates using the NucliSENS® miniMAG® extraction system (bioMérieux), according to the manufacturer's instructions. The extracted RNA was recovered in 100 µL of the elution buffer.
A one-step RT-qPCR assay (RNA UltraSense™ OneStep Quantitative RT-PCR System, Invitrogen, Life Technologies) with previously described primers targeting the S gene of the virus genome (Vemulapalli et al. 2009 ) was employed for quantitative TGEV detection. The final volume of reaction mixture was 25 µL, containing 0.4 µM of forward primer (5′-TCT GCT GAA GGT GCT ATT ATA TGC -3′), 1.2 µM of reverse primer (5′-CCA CAA TTT GCC TCT GAA TTA GAA G-3′), 0.3 µM of probe (5′FAM-C/TAA GGG CTC ACC ACC TAC TAC CAC CA-BHQ3′) and 5 µL of extracted RNA. The amplification parameters were as follows: reverse transcription at 50 °C for 30 min followed by denaturation at 95 °C for 15 min. Then, 50 cycles of amplification were performed with each cycle, including denaturation at 94 °C for 15 s, annealing for 30 s at 56 °C and extension for 15 s at 72 °C.
Molecular Detection of Wild-Type CoV
A semi-nested TaqMan RT-PCR with previously described primers (Gouilh et al. 2011) , targeting a conserved region of the RNA-dependent RNA-polymerase gene, was employed for the broad detection of wild-type alpha and beta CoV. The first PCR produces a 438-bp amplicon, whereas the nested one produces a 216-bp amplicon. Primer sequences were as follows: Primer reverse: 5′-CCA TCR TCMGAHARA ATC ATC ATA -3′; Primer forward: 5′-GGT TGG GAY TAY CCW AAR TGTGA-3′; Primer forward (2nd PCR): 5′-GCNAAT-WSTGTNTTT AAC AT-3′. Briefly, the RT mix contained 200 µM of dNTPs, 0.5 µM of reverse primer and 5 µL of RNA, using a final volume of 25 µL. The PCR and the semi-nested PCR mix contained 200 µM of dNTPs, 1 µM of both forward and reverse primer and 10 µL of the reverse transcription product. The final volume of the PCR and the semi-nested PCR mix was 50 µL.
The amplification parameters were as follows: reverse transcription ran during 60 min at 42 °C. The first PCR had a denaturation period of 95 °C for 3 min. Then, 30 cycles of amplification were performed with each cycle containing denaturation at 95 °C for 30 s, annealing for 60 s at 50 °C and extension for 90 s at 72 °C. There was a final elongation period of 7 min at 72 °C. The second PCR had the same program as the first, but the elongation period run at 54 °C for 60 s.
Quantitative Molecular Detection of HAV
HAV quantification was performed through a standardized one-step real-time TaqMan RT-qPCR (RNA UltraSense™ One-Step Quantitative RT-PCR System, Invitrogen, Life Technologies) with primers HAV240 and HAV68, probe HAV150(-) labeled at the 5′ with 6-carboxyfluorescein (FAM) and modified at the 3′ with the addition of a minor groove binder (MGB), and assay conditions described elsewhere (Costafreda et al. 2006 ) and specified in the ISO 15216-1:2017 standard for determination of hepatitis A virus and norovirus using real-time RT-qPCR (International Organization for Standardization -ISO 2017).
Water Samples
The collection of samples for field studies was carried out based according to ISO 19458:2006 (International Organization for Standardization -ISO 2006 for the collection of water samples for microbiological analysis. Seven 10-L water samples were collected monthly from September to November 2015, from strategic sampling locations along the main channel of Wadi Hanifa in the Nejd region, Riyadh Province, in central Saudi Arabia. Samples were stored for a maximum of 24 h at 4 °C before being processed. Minimum 1 3
and maximum temperature, conductivity and pH readings were 25-30 °C, 2604-5803 µS/cm, and 7.4-7.8, respectively. Total and fecal coliform counts (CFU) per 100 mL ranged from 1.5 × 10 4 to 1.7 × 10 5 and from 2.5 × 10 3 to 9.1 × 10 4 , respectively.
Sequencing
Since our CoV RT-PCR detects all CoV belonging to either the alphacoronavirus or the betacoronavirus group, sequencing was necessary to characterize the positive samples. The DNA was sequenced using both forward and reverse primers using the thermo Sequenase Big Dye Terminator Cycle Sequencing Premix Kit (Amersham Pharmacia Biotech) on an automated sequencer (ABI PRISM 310). The nucleotide sequence was submitted to GenBank (accession number: KY565343). Phylogenetic analysis was performed using the neighborjoining method (distance calculation by the Kimura-2-parameter correction; pairwise deletion) implemented in the MEGA7 program (Kumar et al. 2016) , and results were validated by 1000 bootstrap replicates. Genotypes were assigned based on clustering with reference strains in the phylogenetic tree with > 70% bootstrap support.
Statistical Analysis
Data were ascertained to be normally distributed. Comparisons between means were performed using the student t test (unpaired) using the IBM SPSS Statistics version 20 software (SPSS Inc., Chicago, IL, USA). P values < 0.05 were considered statistically significant. Table 1 depicts the recoveries of TGEV and HAV genome copies in the concentrates from 5-L samples. Initially, the standard glass wool filtration method, consisting of an adsorption to the positively charged glass wool matrix and subsequent elution with GBE buffer at pH, 9.5 after 10 min of contact, was employed. By this procedure, both viruses efficiently adsorbed onto the glass wool, with mean attachment efficiencies of 57.1% and 52.1%, for TGEV and HAV, respectively, but then were poorly eluted from it, with recoveries of 2.6% and 7.2% for TGEV and HAV, respectively.
Results
Method Optimization for Enveloped and Non-enveloped Virus Concentration from Water Through Glass Wool Filtration
The elution efficiency dramatically increased when the pH of the eluent was raised to 11.0, irrespectively of other details of the procedure such as eluent contact time or the presence of Tween 80 (Table 1) . In consequence, different elution procedures, all performed at pH 11.0, were assayed for the concentration of HAV and TGEV seeded in largevolume samples, such as 50-L water samples ( Table 2) . Addition of Tween 80 hampers the recovery of TGEV, likely because of the presence of a lipid-containing envelope in the virion that is damaged by the detergent. Extending the elution time to overnight, or performing the elution under agitation or recircularization provided better efficiencies of recovery for both viruses. Considering both practicability and performance, recircularization of the eluent at pH 11.0 for 20 min was the elution procedure of choice. The mean adsorption efficiencies for TGEV and HAV in 50 L of water were of 62% and 34% for TGEV and HAV, respectively. PEG is widely employed for virus reconcentration from the eluates at a 10% concentration. By simply increasing the concentration of PEG from 10 to 20%, a significant (p < 0.01) improvement in the efficiency of this 57.1 ± 6.3 -52.1 ± 2.9 -reconcentration step was observed. In this way, the efficiencies of recovery of TGEV and HAV increased from 30.8 ± 14.7% to 51.3 ± 10.5% and from 30.2 ± 8.1% to 47.2 ± 5.7%, respectively (data not shown). Twenty percent PEG was employed thereafter as reconcentration procedure in the optimized concentration method. Table 3 shows the efficiency of the different steps that compose the optimized concentration procedure for the detection of non-enveloped and enveloped viruses in large water volumes. TGEV was more efficiently (p < 0.05) adsorbed onto the glass wool than HAV (62.8 vs 34.1%); however, HAV was more readily eluted from the matrix than TGEV (25.7 vs 18.8%), although this difference was not statistically significant. The efficiencies of virus precipitation by 20% PEG did not significantly differ among the enveloped and non-enveloped viruses: 41.9% for TGEV and 49.8% for HAV. Altogether, the overall concentration efficiencies for TGEV and HAV were in the same range: 5.1% and 4.5% for TGEV and HAV, respectively. These recoveries for the enveloped and non-enveloped virus models were significantly (p < 0.005) improved compared to those obtained employing the standard glass wool adsorption-elution procedure: 0.4% and 1.4% for TGEV and HAV, respectively (Table 3 ).
Molecular Detection of HAV and CoV in Environmental Samples from Saudi Arabia
The optimized glass wool concentration procedure was applied for the detection of CoV and HAV naturally occurring in the surface water of Wadi Hanifa. Only one sample (Table 4) was positive by semi-nested RT-PCR for wild-type alpha/beta CoV. Sequence analysis evidenced that the CoV isolate was closely related to a novel rodent/shrew-specific clade within lineage A of genus Alphacoronavirus, reported in Asia and Europe, whose prototypic member is the recently described Lucheng virus found in China (Wang et al. 2015; Tsoleridis et al. 2016) (Fig. 1) .
A standardized one-step RT-qPCR assay was employed for the quantitative detection of HAV in Wadi Hanifa 61.9 ± 9.9 34.1 ± 10.5 Table 3 Percent recoveries of transmissible gastroenteritis virus (TGEV) and hepatitis A virus (HAV) seeded in 50-L surface water samples employing the optimized concentration procedure
Mean TGEV and HAV concentrations in the initial unconcentrated samples were 5.7 × 10 6 ± 1.6 × 10 25.7 ± 3.5% (7.8 × 10 4 ±2.2 × 10 4 )
Adsorption + Elution 11.8 ± 2.1% 8.8 ± 2.2% PEG precipitation 41.9 ± 6.5% (2.8 × 10 5 ±8.9 × 10 4 ) 49.8 ± 7.2% (3.8 × 10 4 ±1.4 × 10 4 )
Overall recovery 5.1 ± 1.4% 4.5 ± 1.5% Recovery by standard procedure 0.40% 1.4% waters (Table 4) . HAV was detected in 38% of the samples (8/21), and the highest positivity rate (71%, 5/7) was observed in September. The mean genome copy number in the surface water was 3.5 × 10 3 /L, ranging from 5.0 × 10 1 /L to 1.9 × 10 4 /L.
Discussion
The surveillance of the virological quality of water provides relevant inputs on the public health impact of waterborne viruses, among them, the incidence and behavior of viruses in the water environment, the assessment of the risk of infection posed by these waterborne viruses, or the efficiency of water treatments for virus removal/inactivation. Last but not least, characterization of the strains isolated from the water environment supplies valuable environmental epidemiology data that may provide a comprehensive overview of all viruses circulating in the community, encompassing not only viral agents causing symptomatic infections but also those that cause asymptomatic infections that otherwise remain unnoticed.
Positively charged oil-coated sodocalcic glass wool is a low-cost alternative for the concentration of different types of viruses in water without requiring any preconditioning of the sample (Gantzer et al. 1997; Lambertini et al. 2008; Kiulia et al. 2010; Sano et al. 2011; Pérez-Sautu et al. 2012; Blanco et al. 2017) . Upon autoclaving, used glass wool may be readily disposed as recyclable waste. However, in our hands, the standard glass wool concentration method does not perform well for enveloped viruses and hence we adapted the procedure to concentrate enveloped viruses without dampening the recoveries of non-enveloped virus particles that remain the usual targets in environmental surveillance studies. By modifying the elution conditions, the recoveries of both types of viruses after glass wool concentration were dramatically improved, increasing from 7.2% and 2.6-25.7% and 18.8%, for non-enveloped and enveloped viruses, respectively. An additional improvement in the virus concentration efficiencies was observed doubling the concentration of PEG, from 10 to 20%, to perform the precipitation employed for virus reconcentration. In this way, 20% PEG provided increases in the recovery of non-enveloped and enveloped viruses of up to 56.3% and 66.6%, respectively, compared to 10% PEG (data not shown).
The choice of PEG precipitation over other possible reconcentration options was also based on the affordability of the procedure in order to keep the cost of the entire virus concentration, i.e., glass wool adsorption/elution and PEG reconcentration, low enough (below 15 euro per sample) to be applicable for environmental surveillance studies performed in developing areas.
Current ISO standards for the molecular detection of viruses in water and food specify a threshold of acceptance of virus recovering efficiencies above 1% (International Organization for Standardization -ISO 2017; Lowther et al. 2017 ). This criterion is met for the recovery of nonenveloped and enveloped viruses from large volumes (50 L) of water employing glass wool filtration and PEG precipitation: 4.5% and 5.1%, respectively. The combined adsorption-elution concentration steps provided recoveries of 8.8% and 11.8%, respectively, for non-enveloped and enveloped viruses, from 50-L samples.
The optimized concentration methodology was applied for the detection of wild-type HAV, and alpha and beta CoV, naturally occurring in the waters of the main channel of Wadi Hanifa, a valley running for 120 km from northwest to southeast, with several small-medium size towns, that crosses the city of Riyadh. HAV was detected in 38% of the samples (8/21), while only one sample came out positive for a rat CoV belonging to lineage A of genus Alphacoronavirus, closely related to a CoV reported in European rats (Tsoleridis et al. 2016 ) that, together with the Lucheng virus described in China, form a distinct rodent/shrew-specific clade (Wang et al. 2015; Ge et al. 2017) . The sole remit of the limited survey performed in Riyadh surface waters was to ascertain the validity of the concentration procedure for the comprehensive monitoring of the presence of non-enveloped and enveloped viruses in the environment. Noteworthy, the same methodology has enabled the very recent detection of alpha CoV, phylogenetically related to the one detected in Wadi Hanifa, in water samples from the metropolitan area of Barcelona (data not shown). No data exist on the potential zoonotic transmission of rodent CoV to humans.
At the end of June 2018, the burden of MERS in Saudi Arabia was 1853 laboratory-confirmed cases, including 717 related deaths with a case-fatality rate of 38.7% (WHO 2018) . Although several CoV may be spread through the fecal-oral route, the potential waterborne transmission of MERS-CoV or SARS-CoV remains unlikely, despite the considerable shedding of both viruses in human stool (Chu et al. 2005; Drosten 2013 ) and, in the case of MERS-CoV, in camel stool too (Dudas et al. 2018) . Nevertheless, there is evidence that environmental factors played an important role in the rapid spread of SARS infection throughout a large, private apartment complex (McKinney et al. 2006) and that the human gut may serve as an alternative infection route for MERS-CoV .
Activities involving manipulation of samples potentially carrying MERS-CoV, SARS-CoV or other emerging agents may require BSL-3 facilities (CDC 2017) . Raising the pH of the eluent employed in the glass wool virus concentration provided the dual benefit of significantly increasing virus recoveries for all types of viruses and, concomitantly, of greatly reducing virus infectivity, hence avoiding the need to work in sophisticated BSL-3 facilities.
Conclusions
A cheap and robust virus concentration procedure based on adsorption/elution onto glass wool and PEG precipitation that enables the comprehensive surveillance of viruses in large volumes of water has been developed. The methodology is able to concentrate non-enveloped as well as enveloped virus particles, opening the possibility to survey the presence in the environment of some health-significant enveloped viruses, such as MERS or SARS CoV, avian influenza virus, Nipah virus or Tick-borne encephalitis virus, among others. Although the waterborne transmission of these agents, if any, is negligible, their presence in the environment is indicative of their spread and prevalence among their human or animal hosts, even in the absence of symptomatic cases.
The affordability of the developed methodology makes it adequate for surveillance studies performed in low-income parts of the world.
